Aims/hypothesis The association between lower birthweight and metabolic syndrome may result from fetal undernutrition (fetal programming hypothesis) and/or genes causing both low birthweight and insulin resistance (fetal insulin hypothesis). We studied associations between the birthweight of parents and metabolic syndrome in the offspring. Methods We identified men and women (aged 35-68 years), who had been born in Holdsworth Memorial Hospital, Mysore, India. We also identified the offspring (20-46 years) of these men and women. In total, 283 offspring of 193 mothers and 223 offspring of 144 fathers were studied. Investigations included anthropometry, oral glucose tolerance, plasma insulin and lipid concentrations and blood pressure. The metabolic syndrome was defined using WHO criteria.
hypothesis proposes that this reflects undernutrition during critical periods of intrauterine development, which permanently alters (or 'programmes') the body's metabolism [1] . An alternative hypothesis is that genes that either increase insulin resistance or reduce insulin secretion result in impaired insulin-mediated fetal growth and later in CHD and diabetes (fetal insulin hypothesis) [4] .
Several recent studies have tested these hypotheses using inter-generational data. These have generally examined disease outcomes in men and/or women in relation to the birthweight of their children. Diabetes in fathers, for example, is associated with lower offspring birthweight [5] [6] [7] [8] [9] . The opposite is true for diabetes in mothers, because gestational diabetes causes fetal macrosomia [10, 11] .
However, lower offspring birthweight is associated with cardiovascular disease and insulin resistance in both parents [8, [12] [13] [14] [15] [16] [17] [18] . Associations between these outcomes in the mother and lower birthweight in her offspring are consistent with the fetal origins hypothesis; a mother who experienced a poor environment during her early development might be programmed both to develop disease and to produce smaller babies (Fig. 1 ). This hypothesis does not, however, explain the similar associations in fathers. One explanation could be adverse adult behaviours or environmental factors that are shared between fathers and mothers (e.g. smoking or poor diet). These could increase the risk of disease in both parents, and the mothers would be at increased risk of having lower birthweight babies. This is an unlikely Fig. 1 Inter-generational pathways of disease. The three scenarios are not mutually exclusive. In all cases, associations in mother-offspring pairs may be obscured by maternal gestational diabetes, which causes macrosomia and an increased risk of glucose intolerance in the next generation explanation in the above studies, since adjusting for socioeconomic status did not diminish the associations [12, [14] [15] [16] . An alternative explanation is genetic transmission, and the findings from these studies are compatible with the genetic fetal insulin hypothesis. To study this in an Indian population, we identified families living in Mysore, South India, in which two generations were born in one hospital. This enabled us to study the relationship between maternal and paternal birthweight, and insulin resistance, the metabolic syndrome and other CHD risk factors in the young adult offspring. Associations of these outcomes with lower birthweight in both parents or in fathers only would support the fetal insulin hypothesis.
Subjects and methods

Identification of families
The Holdsworth Memorial Hospital (HMH), Mysore, South India, has preserved obstetric records containing the date of birth and birthweight of all babies born in the hospital since 1934. The birth records also contain the names, religion and caste of both parents, the area of the city in which the family lived at the time of birth, and the mother's detailed obstetric history. We used this information to match men and women living in Mysore to their birth records, using strict criteria [19] . Since the baby's name is not recorded in the birth records (Indian babies are named several weeks after birth) and many adults do not know their date of birth or age, the process relies on a match to both parents' names and an exact match of the number, sex and age of a subject's older siblings with their mother's recorded obstetric history.
First generation In 1993, people born in the hospital were identified by a house-to-house census of a 2-square-mile (3.2 km 2 ) area around HMH. Of 7,800 households visited, 1,311 individuals said they were born as singletons in the hospital between 1934 and 1954. Of these, 536 were matched to their birth records and 517 participated in a study to measure the prevalence of CHD [19] and abnormal glucose tolerance [20] . Between 1995 and 2001 the original 2-square-mile (3.2 km 2 ) area was resurveyed and the census extended to an area of 8 square-miles (12.8 km 2 ). A further 4,748 men and women said to be born in HMH between 1934 and 1966 were identified; 2,892 were matched to their records, and 552 agreed to undergo the same investigations, which took place between 1997 and 2003 (Fig. 2) .
Second generation Of 1,069 first generation men and women studied, 221 women and 166 men had adult sons and daughters also born at HMH. From the 221 mothers we identified 206 sons and 209 daughters aged ≥20 years living in or near Mysore, making a total of 415 motheroffspring pairs. From the 166 fathers we identified 152 sons and 144 daughters aged ≥20 years making a total of 296 father-offspring pairs. A total of 283 offspring of 193 mothers and 223 offspring of 144 fathers participated in the study (of whom only 19 had data for both parents), and are included in this analysis. The mother-offspring study was carried out from 1997 to 1999; the father-offspring study, during which more mother-offspring pairs were identified and studied, took place from 2001 to 2003.
Clinical examinations Participants attended hospital for investigations after a 12-h overnight fast. Fasting blood samples were collected for measurement of plasma glucose and insulin, and serum total cholesterol and triacylglycerol concentrations. Excluding those who were known to have type 2 diabetes (20 men and 23 women in the first generation and one man and three women in the second generation), subjects were given a 75-g oral glucose load and further blood samples for plasma glucose and insulin were collected 120 min later. Fasting insulin values were not available for eight fathers, five mothers and 39 offspring because of difficult venesection, sample haemolysis or technical problems in the laboratory. Blood pressure was measured with an automated recorder (Dinamap 8100; Critikon, Tampa, FL, USA) after the subjects had been lying down for 5 min.
In order to define CHD, a 12-lead ECG was recorded, the Rose chest pain questionnaire was administered [21] , and subjects were asked if they had a history of coronary artery bypass surgery. Weight, height, skinfold thicknesses (triceps and subscapular), and hip and waist circumferences were measured by one of three observers. Information on smoking, alcohol consumption and socioeconomic status were obtained by questionnaire. Socioeconomic status was assessed using the Kuppuswamy score [22] , a standard questionnaire method for urban Indian populations, based on family size, housing (type of locality, number of people per room, basic amenities), education, occupation and income. The HMH Ethics Committee granted permission for the study and informed verbal consent was obtained from participants.
Plasma glucose concentrations were analysed using a standard glucose oxidase method and insulin concentrations were measured using an in-house time resolved, dissociation-enhanced lanthanide fluoroimmunoassay method [23] . Assays for the mother-offspring study and father-offspring study were carried out at the Department of Biochemistry, Southampton General Hospital, Southampton, UK, and the Diabetes Research Centre, KEM Hospital, Pune, India, respectively. Serum total cholesterol, HDL-cholesterol and triacylglycerol concentrations were measured by standard enzymatic methods.
Type 2 diabetes was defined as either a history of diabetes diagnosed by a doctor and requiring medication, or a fasting glucose concentration of ≥7.0 mmol/l, or a 120-min glucose concentration of ≥11.1 mmol/l [24] . IGT was defined as a fasting plasma glucose concentration of <7.0 mmol/l and a 120-min glucose concentration of ≥7.8 and <11.1 mmol/l. IFG was defined as a fasting glucose concentration of ≥6.1 and <7.0 mmol/l and a 120-min glucose concentration of <7.8 mmol/l. The presence of IFG, IGT or diabetes was defined as 'glucose intolerance'. Insulin resistance was estimated using the homeostasis model assessment equation [25] . The metabolic syndrome was defined on the basis of WHO criteria [24] as glucose intolerance, and insulin resistance values ≥ the 75th percentile value for our population, together with any two of the following: raised arterial pressure (systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg), raised serum triacylglycerol concentration (≥1.7 mmol/l), low serum HDL-cholesterol concentration (<0.9 mmol/l for men; <1.0 mmol/l for women) and central obesity (WHR >0.90 for men; >0.85 for women or BMI >30 kg/m 2 ). ECGs were Minnesota coded [26] by two independent coders, who had no access to the birth data. CHD was defined as the presence of typical angina according to Rose/WHO questionnaire [21] , or ECG Minnesota codes 1-1 or 1-2 (Q and Q-S codes) [26] or a history of coronary artery angioplasty or bypass graft surgery.
Statistical methods Statistical analysis was carried out using STATA version 6 (Stata Corporation, College Station, TX, USA). Birth measurements were often recorded in imperial units and were converted into metric values. Distribution was skewed for parent and offspring subscapular:triceps skinfold thickness ratio (SSTR), triacylglycerol and insulin concentrations, and insulin resistance, as well as for offspring BMI and 120-min plasma glucose concentrations. These values were log transformed to satisfy assumptions of normality. The fathers' fasting and 120-min plasma glucose concentrations and offspring age and fasting glucose concentrations did not transform well using logarithms and these were 'normalised' by ranking each variable and assigning a new value to create normal scores.
Associations between the parent's birth size and outcomes in the offspring were examined by multiple linear and logistic regression, using variables as continuous where appropriate. To overcome the difficulty of mothers and fathers having more than one child in the study, multi-level models were used, allowing us to include the maximum number of parent-offspring pairs. Random effects (including random slopes for continuous outcomes) were estimated using the generalised linear latent and mixed models (GLLAMM) command [27] . Model sensitivity was investigated by comparing the coefficients with those obtained when the number of quadrature points was increased or decreased by four. Sizes of regression effects between offspring of mothers and offspring of fathers were compared by first calculating the standardised beta coefficients, which can also be interpreted as partial correlations; these were converted to z-scores using Fisher's transformation, and compared using z-tests.
Results
General characteristics of study cohort Among motheroffspring pairs, 43.8% were Hindus, 47.7% were Muslims and 8.5% were Christians. Corresponding values for fatheroffspring pairs were 33.6, 55.2 and 11.2%. The characteristics of the parents and offspring are shown in Table 1 . The parents' birthweights were similar to those of all other births in the hospital during the relevant years (1934 to Relationships of offspring birthweight to their own adult outcomes Among all the offspring combined (n=487), 120-min glucose, cholesterol and triacylglycerol concentrations, systolic blood pressure, WHR, SSTR, and the prevalence of IGT, diabetes, glucose intolerance and the metabolic syndrome increased with age (p<0.05 for all).
All except SSTR rose with increasing BMI (p≤0.01 for all).
Women were more insulin-resistant than men (p=0.009), while men had higher triacylglycerol concentrations, WHR, SSTR and systolic blood pressure (p<0.001 for all). Twenty-four offspring were defined as having CHD; one had a history of bypass surgery, 23 had Rose questionnaire angina, and none had Q-wave ECG changes. Table 2 shows outcomes in the offspring according to their own birthweight. In the offspring combined, glucose intolerance, total cholesterol and triacylglycerol concentrations, and SSTR were inversely related to birthweight. These associations strengthened after adjusting for BMI, when 120-min glucose, IGT and insulin resistance also became significantly inversely related to birthweight. The trends were similar in offspring of mothers and offspring of fathers. Apparently stronger inverse associations of insulin resistance and cholesterol with birthweight in offspring of fathers than in offspring of mothers (Table 2) were not statistically significantly different. The associations did not change after adjusting for socioeconomic status, and were similar after excluding offspring whose mother was found to have diabetes in our study (we did not have data on diabetes during pregnancy).
Relationships of the parent's birth size to outcomes in the offspring Among the mother-offspring pairs, maternal birthweight was inversely related to the risk of CHD in the offspring (Table 3) . After adjusting for offspring BMI and socioeconomic status, inverse associations of borderline statistical significance were seen between maternal birthweight and offspring systolic blood pressure and the metabolic syndrome. These associations remained similar after further adjustment for offspring birthweight (offspring CHD, metabolic syndrome and systolic blood pressure p<0.05 for all) and maternal systolic blood pressure (offspring systolic blood pressure p=0.01).
Among the father-offspring pairs, there were no direct associations between paternal birthweight and offspring outcomes (Table 3) . After adjusting for offspring BMI and socioeconomic status, an inverse association was seen between paternal birthweight and offspring metabolic syndrome. This association was similar after further adjusting for offspring birthweight (p=0.056). There were no significant differences in the strength of associations between mother-offspring and father-offspring groups. Table 1 ). There was an inverse association between birthweight and adult SSTR. After adjusting for adult BMI, we also found an inverse association between birthweight and adult triacylglycerol concentrations.
Outcomes in the parents
We also examined outcomes in the parents according to offspring birthweight (see ESM Table 2 ). The prevalence of diabetes among mothers, and of glucose intolerance among fathers, showed positive associations with offspring birthweight, both findings being of borderline statistical significance. Of 34 cases of CHD among the parents, one had a history of bypass surgery, 12 had Q-wave changes on ECG and 21 had Rose questionnaire angina. The risk of CHD among mothers was inversely related to offspring birthweight (borderline statistical significance). There were no associations between offspring birth size and the metabolic syndrome or insulin resistance in the parents.
Discussion
The main aim of this inter-generational study was to examine cardiovascular risk factors in Indian adults in relation to their parents' birthweight. There were inverse associations, of borderline statistical significance, and of similar strength, between the birthweight of both mothers and fathers and the risk of metabolic syndrome in their offspring. We also observed inverse associations between maternal birthweight and offspring CHD risk and systolic blood pressure. None of the other outcomes, including most of the individual components of the metabolic syndrome, were related to the birthweight of the parents.
Several mechanisms could have produced inverse relationships between parental birthweight and offspring outcomes (Fig. 1) . First, exposure of a female fetus to an adverse intrauterine environment could permanently alter the structure of her reproductive tract, the quality of her ova (the lifetime supply of which develops in utero), her growth potential and/or her metabolism, resulting in impaired fetal development when she becomes pregnant, which in turn programs disease in her offspring. Theoretically, exposure of a male fetus could have long-term effects on sperm quality, leading to abnormalities of fetal development and later disease, but we know of no examples of this. Values are mean (SD), unless otherwise specified. Nineteen offspring had data from both parents, and appear in both the mother-offspring and father-offspring sections of the Maternal-fetal programming could explain the inverse associations between maternal birthweight and offspring CHD and blood pressure. Only one other study has examined offspring outcomes according to parental birthweight. This showed, in the UK as in Mysore, an inverse association between maternal birthweight and offspring blood pressure [28] . Second, an adverse adult environment (e.g. socioeconomic deprivation) or behaviours (e.g. smoking or poor diet) that cause both low birthweight and adult disease could be shared by both parents, persist in the same family and result in both mother-offspring and fatheroffspring associations. This explanation seems unlikely in India, where CHD and the metabolic syndrome are predominantly diseases of higher socioeconomic status, although effects of socioeconomic status in childhood may differ from effects in adult life [29] . Smoking is common among Indian men, but very few Indian women smoke. Third, there may be common genes, or epigenetic changes, that result in both low birthweight and adult disease, and could account for both mother-offspring and fatheroffspring associations. Our study cannot distinguish between these three possibilities, but does suggest both paternal and maternal effects. Studies in western populations [5] [6] [7] [8] [12] [13] [14] [15] [16] [17] [18] and in India [30, 31] have examined parental outcomes in relation to offspring birthweight. The western studies showed inverse relationships between offspring birthweight and paternal and maternal insulin resistance measured in middle-to-old age [8, 13] . The Indian studies had shorter follow-up times than ours, the parents were younger and the offspring were children. Both showed the expected positive associations of maternal insulin resistance and offspring birthweight [30, 31] . Paternal insulin resistance was unrelated to offspring birthweight in one study [30] and positively related in the other [31] . In Mysore parent and offspring birthweights were correlated [32] , and if the inverse associations between parental birthweight and offspring metabolic syndrome in our study were genetic in origin, we would expect to see similar inverse associations between offspring birthweight and parental outcomes. The absence of such associations in our study could be explained by the small sample size, effects of medications and disease complications in this older age group, and, in mother-offspring pairs, macrosomic effects of maternal gestational diabetes.
As in other populations [1-3, 10, 11, 33, 34] , we found inverse associations between the birthweight of the offspring and their own glucose intolerance and lipid concentrations in later life, adding to evidence that lower birthweight is linked to a higher risk of adult disease. As in most such studies, associations between risk factors and birthweight strengthened after adjustment for adult BMI. BMI adjustment and its interpretation have been controversial [35] . Our findings suggest either that at any given adult BMI, the risk factor profile is more adverse in men and women of lower birthweight, or that an increase in BMI between birth and adult life is important for the development of increased CHD risk.
Among the parents, birthweight was also inversely related to SSTR, and (after BMI adjustment) to triacylglycerol concentrations, but not to risk of glucose intolerance or the metabolic syndrome. The lack of an association between birthweight and adult glucose intolerance were reported in an earlier study of the Mysore cohort, of which our parents' sample was a subset [20] . The risk of glucose intolerance in the earlier study was increased in men and women of higher ponderal index at birth [20] and we suggested that this could reflect the effects of gestational diabetes. A possible explanation for the difference in trends with birthweight in the two generations is that effects of gestational diabetes may manifest only in old age. Unlike other populations [36] [37] [38] [39] , we did not find associations, in either generation, between birthweight and blood pressure. We suggested in the older cohort [40] that this may have been because a large number of subjects were on antihypertensive medication. The absence of an association in the younger cohort, however, suggests that birthweight is simply not related to blood pressure in this population.
A strength of our study was that birth data were extracted from hospital birth records. However, it was limited to people born in one hospital, still living in Mysore, able to provide enough information to match them to their birth records and willing to take part in the study. They comprised a very small proportion of the original births in the hospital (4.3% for the first generation and <1.0% for the second). Lack of statistical power is therefore a major weakness of the study. Losses to follow-up would have included death (infant mortality rate ranged between 106 and 200 per 1000 live births, and childhood mortality between 162 and 300 in the period 1934 to 1982), migration out of Mysore, and failure to match subjects to their birth records. By using strict criteria, we ensured accurate matching, but with the disadvantage that many likely matches were excluded. Data for the second generation were only available if they were born in HMH. There is a large choice of public and private maternity hospitals in contemporary Mysore. Almost all the first generation subjects had children, but most were born elsewhere; 15% of Mysore births take place at HMH, 3% at home and the rest at other hospitals. Few of the offspring in our study had birth data from both parents; the ideal study would have compared mother-offspring and fatheroffspring effects in the same subjects. Another weakness of the study was that CHD was defined using the Rose chest pain questionnaire and Q-wave ECG changes, both of which may be non-specific. Outcomes according to parent birthweights are median (interquartile range), unless otherwise specified. In conclusion, a small sample size was a major weakness of our study. This highlights the difficulty of obtaining good inter-generational data using routine record systems in a developing country. Our study raises more questions than it answers. Most of the outcomes we studied, including the individual components of the metabolic syndrome, were unrelated to parental birthweight. The inverse associations between both maternal and paternal birthweight and metabolic syndrome in the offspring were of borderline significance. These may be chance findings, but are consistent with inter-generational studies (of parental outcomes in relation to offspring birthweight) in western populations. It suggests that factors in both parents may contribute to the risk of metabolic syndrome in the offspring. There are several possible explanations for this, but the findings are most consistent with the fetal insulin (genetic) hypothesis. Further studies in developing countries, using data from cohorts with better follow-up rates are required.
